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Abs t rac t  
Several new techno log ies  i n t e g r a t e d  on t h e  
X -29A advanced technol  ogy demonstrator a r e  be ing  
evaluated f o r  t h e  nex t  genera t i on  of f i g h t e r  a i r -  
c r a f t .  Some o f  t he  most noteworthy ones a re  t h e  
forward-swept wing, d i g i t a l  f l y - b y w i r e  f l i g h t  
c o n t r o l  system, c l  ose-coup1 ed w i  ng-canard con f ig -  
u r a t i o n ,  a e r o e l a s t i c a l l y  t a i l o r e d  composite wing 
sk ins ,  three-sur face p i t c h  c o n t r o l  c o n f i g u r a t i o n ,  
and a h i g h l y  uns tab le  a i r f rame.  The expansion o f  
t h e  a i r c r a f t  1-g and maneuver f l i g h t  envelopes was 
r e c e n t l y  completed over a two-year p e r i o d  i n  84 
f l i g h t s .  Overa l l  f l i g h t  r e s u l t s  conf i rmed t h e  
v i a b i l i t y  o f  t h e  a i r c r a f t  design, and good agree- 
ment w i t h  p r e f l i g h t  p r e d i c t i o n s  was obtained. The 
i nd i v i  dual technol  og i  es ' ope ra t i ona l  workabi 1 i t y  , 
and performance were confirmed. Th is  paper deals 
w i t h  t h e  f l i g h t  t e s t  r e s u l t s  and t h e  p r e l i m i n a r y  
e v a l u a t i o n  o f  t h e  X-29A design and technologies.  
A summary o f  t h e  p r imary  t e c h n i c a l  f i n d i n g s  i n  
s t r u c t u r a l  s t a t i c  loads, s t r u c t u r a l  dynamic char-  
a c t e r i s t i c s ,  f l i g h t  c o n t r o l  system c h a r a c t e r i s -  
t i c s ,  aerodynamic s t a b i l i t y  and c o n t r o l ,  and 
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se-code modulat ion 
and away 
I n t r o d u c t i o n  
A advanced technology demonstrator was 
used t o  eva lua te  a number o f  i n t e g r a t e d  advanced 
f i g h t e r  technologies f o r  t h e  n e x t  genera t i on  o f  
a i r c r a f t .  The i n i t i a l  f l i g h t  t e s t  program ob jec -  
t i v e  was t o  expand t h e  a i r c r a f t  1-g and maneuver 
f l i g h t  envelopes p r i o r  t o  more d e t a i l e d  research 
e v a l u a t i o n  o f  t h e  va r ious  techno log ies .  
i n i t i a l  phase y i e l d e d  p r e l i m i n a r y  e v a l u a t i o n  o f  
t hese  technol  ogy concepts. 
t h e  a i r c r a f t  and t h e  technology concepts. 
a l s o  g i ves  a summary o f  t h e  f l i g h t  t e s t  r e s u l t s  
and t h e  major  f i n d i n g s  t o  date i n  severa l  t ech -  
n i c a l  d i s c i p l i n e s  i n c l u d i n g  s t r u c t u r a l  loads,  
s t r u c t u r a l  dynamics, f l i g h t  c o n t r o l  system, aero-  
dynamic s t a b i l i t y  and c o n t r o l ,  a i r c r a f t  per form- 
ance, e x t e r n a l  a i r f r a m e  pressure surveys, and 
aerodynamic b u f f e t  c h a r a c t e r i s t i c s .  
The X-29A p r o j e c t  was begun by t h e  Defense 
Advanced Research P r o j e c t s  Agency (DARPA) i n  1977. 
The a i r c r a f t  was designed and b u i l t  by t h e  G r u n a n  
Aerospace Corpo ra t i on  and shipped t o  t h e  Dryden 
F l i g h t  Research F a c i l i t y  o f  t h e  NASA Ames Research 
Center  (Ames-Dryden) i n  October 1984 t o  beg in  t h e  
two-year f l i g h t  envelope expansion and concept 
e v a l u a t i o n  phase. Ames-Dryden was t h e  r e s p o n s i b l e  
t e s t  o r g a n i z a t i o n  f o r  f l i g h t  operat ions,  s a f e t y  o f  
f l i g h t ,  range opera t i ons ,  p r o j e c t  p lanning,  and 
o v e r a l l  conduct o f  t h e  f l i g h t  t e s t  program. Other 
p a r t i c i p a n t s  on t h e  X-29A f l i g h t  t e s t  team inc luded  
Grumnan, t h e  A i r  Force Wright Aeronaut ica l  Labora- 
t o r i e s  Advanced Development P r o j e c t s  O f f i c e  (ADPO), 
and t h e  U.S. A i r  Force F l i g h t  Test Center. 
The f i r s t  f l i g h t  was on December 14, 1984, 
and t h e  84 th  f l i g h t ,  ending t h e  envelope expan- 
s i o n  phase, was completed on November 14, 1986. 
A t o t a l  o f  104 f l i g h t s  were completed by t h e  end 
o f  1986; t h e  l a s t  20 f l i g h t s  ob ta ined  da ta  i n  han- 
d l i n g  q u a l i t i e s ,  systems t e s t i n g ,  and s t r u c t u r e s  
t o  begin t h e  fo l l ow-on  f l i g h t  research phase. 
program was accomplished w i t h  t h e  c l e a r i n g  o f  t h e  
1-g f l i g h t  envelope t o  t h e  maximum Mach number a t  
severa l  a l t i t u d e s  up t o  50,000 ft. A d d i t i o n a l l y ,  
t h e  a i r c r a f t  maneuver envelope was expanded i n  
ang le  o f  a t t a c k  up t o  20' and i n  normal l o a d  f a c -  
t o r  up t o  5.7 g. The p r imary  areas o f  t e c h n i c a l  
i n t e r e s t  i nc luded  t h e  p r e d i c t e d  induced drag 
r e d u c t i o n  o f  t h e  forward-swept wing (FSW), demon- 
s t r a t i o n  o f  t h e  s t r u c t u r a l  d i ve rgence- f ree  enve- 
l o p e  o f  t h e  FSW, a e r o s e r v o e l a s t i c  c h a r a c t e r i s -  
t i c s ,  and t h e  performance o f  t h e  d i g i t a l  f l y -  
b y - w i r e  f l i g h t  c o n t r o l  system (FCS) on a h i g h l y  
u n s t a b l e  a i r f rame.  Other areas i n c l  uded t h e  
o v e r a l l  f l y i n g  q u a l i t i e s  o f  a th ree -su r face  p i t c h  
Th is  
Th is  paper desc r ibes  
It 
The pr ime o b j e c t i v e  o f  t h e  i n i t i a l  f l i g h t  t e s t  
c o n t r o l  Con f igu ra t i on ,  aerodynamic parameter i den -  
t i f i c a t i o n  on a h i g h l y  uns tab le  a i rp lane ,  aerody- 
namic h u f f e t  c h a r a c t e r i s t i c s  f o r  t he  c lose-coupled 
canard and FSW c o n f i g u r a t i o n ,  and t h e  o v e r a l l  s t a -  
t i c  loads d i s t r i b u t i o n s .  
- A i r c r a f t  - D e s c r i p t i o n  -- and Technzogy Advantages 
The X-29A advanced techno1 ogy demonstrator 
( F i g .  1) i s  a s ing le-seat ,  f i g h t e r - t y p e  a i r c r a f t  
i n c o r p o r a t i n g  severa l  new technology concepts t h a t  
s y n e r g i s t i c a l l y  work f o r  a i r c r a f t  performance 
improvements. The most n o t a b l e  f e a t u r e  i s  t h e  FSW 
w i t h  a 29.3" l e a d i n g  edge sweep and a 5 pe rcen t  
t h i n  s u p e r c r i t i c a l  a i r f o i l  sec t i on .  The upper and 
lower  su r face  wing skins a r e  made o f  a g r a p h i t e -  
epoxy composite ma te r ia l  and a r e  used t o  aero- 
e l a s t i c a l l y  t a i l o r  t h e  wing d e f l e c t i o n  and i n h i -  
b i t  wing s t r u c t u r a l  divergence. The wing has no 
1 eading edge dev ices,  but i nco rpo ra tes  f u l l  -span 
t r a i l i n g  edge, dual  -hinged f l ape rons  t h a t  a r e  
d i v i d e d  i n t o  t h r e e  segments on each wing. The 
midwing and outboard segments a r e  d r i v e n  by a 
s i n g l e  h y d r a u l i c  actuator ,  housed i n  a f a i r i n g  
under the  wing. The inboard segment i s  d r i v e n  
hy a separate a c t u a t o r ,  l oca ted  near the  wing 
r o o t .  The two wing camber c o n t r o l  modes a r e  t h e  
automat ic  camber con t ro l  (ACC) se t  by t h e  f l i g h t  
c o n t r o l  system as a f u n c t i o n  of f l i g h t  c o n d i t i o n  
and the  manual camber con t ro l  (MCC) se t  i n  d i s -  
c r e t e  i n t e r v a l s  by t h e  p i l o t .  I n  t h e  ACC mode, 
t h e  f l ape rons  vary t h e  camber o f  t h e  wing t o  
i nc rease  aerodynamic e f f i c i e n c y  over the  f l i g h t  
envelope. The MCC mode was used on ly  as a f l i g h t  
t e s t  mode. F u l l  f laperon t r a v e l  was from 10" 
t r a i l i n g  edge up t o  24.75' t r a i l i n g  edge down. 
Maximum f l a p e r o n  r a t e  was 68 deg/sec. 
Another f e a t u r e  o f  the a i r c r a f t  i s  i t s  a c t i v e  
th ree -su r face  p i t c h  con t ro l  c o n f i g u r a t i o n .  I n  
a d d i t i o n  t o  t h e  wing f laperons, t h i s  i nc ludes  t h e  
canards and t h e  aft-mounted s t r a k e  f l a p s .  Sym- 
m e t r i c  d e f l e c t i o n  o f  these sur faces i s  c o n t r o l l e d  
by t h e  FCS t o  p r o v i d e  t r i m  and p i t c h  c o n t r o l .  The 
canard area i s  equal t o  20 percent  o f  t h e  wing 
area. The canards a c t  as a powerful l i f t  and 
p i t c h  generator .  They are o f  s i n g l e - p i e c e  con- 
s t r u c t i o n  w i t h  a d e f l e c t i o n  range o f  30" l ead ing  
edge up t o  60' l ead ing  edge down and move a t  r a t e s  
o f  up t o  100 deg/sec. The s t r a k e  f l a p s  t r a v e l  
from 30" t r a i l i n g  edge up t o  30' t r a i l i n g  edge 
down. D i f f e r e n t i a l  d e f l e c t i o n  o f  t h e  f l ape rons  
p rov ides  t h e  s o l e  source o f  r o l l  c o n t r o l .  Yaw 
c o n t r o l  i s  prov ided by a s ing le -p iece  rudder 
mounted on a f i x e d  v e r t i c a l  s t a b i l i z e r .  
The presence o f  t he  canards r e s u l t s  i n  an 
o the rw ise  n e u t r a l l y  s tab le  a i r f rame having a neg- 
a t i v e  s t a t i c  marg in of nominal ly  35 percent .  Th i s  
h i g h  degree of i n s t a b i l i t y  necess i ta tes  h i g h  l e v e l s  
o f  s t a b i l i t y  augmentation, prov ided by t h e  t r i p l e x  
d i g i t a l  f l y - b y - w i r e  FCS o p e r a t i n g  a t  an update 
r a t e  o f  40 Hz. 
modes: t h e  pr ime normal d i g i t a l  ( N O )  mode, t h e  
d i g i t a l  r e v e r s i o n  (OR) mode, and t h e  analog r e v e r -  
s i o n  (AR) mode. Each FCS mode has b o t h  an a i r -  
c r a f t  c r u i s e  mode, known as "up and away" (UA), 
and the power approach (PA) mode. Ex tens i ve  g a i n  
schedul ing i s  employed i n  each FCS mode except i n  
t h e  DR and AR power approach c o n f i g u r a t i o n .  
more d e t a i l e d  d e s c r i p t i o n  o f  t h i s  system can be 
found i n  Ref. 1. 
The FCS c o n s i s t s  o f  t h r e e  f l i g h t  
A 
The a i r c r a f t  i s  powered by a s i n g l e  16,000-lb- 
c l a s s  General E l e c t r i c  F404-GE-400 a f t e r b u r n i n g  
engine. The engine i s  mounted i n  t h e  fuse lage  
w i t h  two side-mounted, f ixed-geometry  i n l e t s  t h a t  
were op t im ized  f o r  t r a n s o n i c  performance. Maximum 
a i r c r a f t  t a k e o f f  gross weight i s  17,800 l b  w i t h  a 
4,000-lb f u e l  capac i t y  i n  two fuse lage  and two 
s t r a k e  tanks. 
F1 i g h t  Test I n s t r u m e n t a t i o n  System 
A l l  691 measured data parameters were teleme- 
t e r e d  t o  t h e  ground f o r  reco rd ing ,  r e a l  - t ime anal - 
y s i s ,  and c o n t r o l  room mon i to r i ng .  The a i r c r a f t  
d i d  n o t  have an onboard reco rd ing  c a p a b i l i t y .  The 
1 0 - b i t  remote u n i t  pulse-code modu la t i on  (PCM) 
system sampled data from 25 t o  400 samples/sec, 
depending on t h e  d e s i r e d  frequency range t o  be 
covered. The d i g i t a l  da ta  were processed by f i v e  
PCM u n i t s ,  and an i n t e r l e a v e r  dev i ce  merged t h e  
da ta  stream along w i t h  t h e  ou tpu t  from t h e  f l i g h t  
c o n t r o l  computers' A R I N C  429 (Aeronau t i ca l  Radio, 
Inc.) bus. The data were downlinked as a s e r i a l  
PCM stream. A constant -bandwidth frequency modul- 
a t i o n  (FM) system was i n s t a l l e d  t o  process h i g h -  
response a c c e l e r a t i o n  and v i b r a t i o n  data.  T h i s  FM 
s i g n a l  was merged w i t h  t h e  r e s t  o f  t h e  d i g i t a l  
da ta  from t h e  i n t e r l e a v e r  and downlinked a long 
w i t h  t h e  p i l o t ' s  vo i ce  s igna ls .  The da ta  param- 
e t e r  s e t  i nc luded  measurements f o r  s t r u c t u r a l  
loads,  s t r u c t u r a l  dynamics, f l i g h t  c o n t r o l s ,  s t a -  
b i l  i t y  and c o n t r o l ,  a i r c r a f t  subsystems, p r o p u l -  
s i o n  and performance, wing d e f l e c t i o n s ,  b u f f e t ,  
and e x t e r n a l  pressure d i s t r i b u t i o n s .  A schematic 
o f  t h e  i n s t r u m e n t a t i o n  system i s  shown i n  F ig .  2. 
Specia l  Test Equipment 
A i r c r a f t  i n s t r u m e n t a t i o n  i nc luded  a p i t o t -  
s t a t i c  noseboom w i t h  ang le -o f -a t tack  and s i d e -  
s l i p  angle vanes. The l e f t  s i d e  o f  t h e  a i r c r a f t  
had 176 flush-mounted s t a t i c  pressure o r i f i c e s ,  
l o c a t e d  i n  two rows on t h e  canard, f o u r  rows on 
t h e  wing, and one row a long t h e  s t r a k e  and s t r a k e  
f l a p  t o  measure pressure d i s t r i b u t i o n .  
Twelve i n f r a r e d  l i g h t - e m i t t i n g  d iodes (LEDs) 
were mounted on t h e  t o p  of t h e  r i g h t  wing, and a 
dua l  r e c e i v e r  was mounted i n  t h e  r i g h t  s i d e  o f  t h e  
fuse lage  above t h e  wing r o o t  as p a r t  o f  t h e  f l i g h t  
d e f l e c t i o n  measurement system (FOMS), which meas- 
u r e s  wing d e f l e c t i o n  and t w i s t  i n  f l i g h t .  
F i n a l l y ,  t h e  unders ide o f  each wing conta ined 
an aerodynamic f a i r i n g  w i t h  a f l i g h t  t e s t  eccen- 
t r i c  rotary-mass f l a p e r o n  s t r u c t u r a l  e x c i t a t i o n  
system and mid- and outboard f l a p e r o n  h y d r a u l i c  
ac tua to r .  The s t r u c t u r a l  e x c i t a t i o n  system was 
used t o  e x c i t e  t h e  f l a p - t a b  s t r u c t u r a l  modes t o  
p r o v i d e  ae rose rvoe las t i c  c lea rance  o f  t h a t  s t r u c -  
t u r e  d u r i n g  t h e  envelope expansion. 
shows t h e  l a y o u t  o f  these c o n f i g u r a t i o n s .  
F i g u r e  3 
Techno1 ogy Concepts 
The key o b j e c t i v e s  i n  deve lop ing  t h e  tech -  
n o l o g i e s  t h a t  a r e  i nco rpo ra ted  i n t o  t h e  X-29A 
des ign  i n c l  uded e s t a b l  i shi  ng new a i  r f rame des ign  
freedoms and op t i ons .  Th is  mani fested i t s e l f  i n  
such t h i n g s  as a r e d u c t i o n  i n  a i r c r a f t  s i z e  and 
gross weight wi th t h e  FSW concept, dependent on 
miss ion,  w h i l e  s imu l taneous ly  i n c r e a s i n g  vo lu -  
e 
m e t r i c  e f f i c i e n c y  around t h e  a i r c r a f t  cen te r  o f  
g r a v i t y .  The FSW i s  p r e d i c t e d  t o  e x h i b i t  b e t t e r  
l a t e r a l  c o n t r o l  a t  h ighe r  angles o f  a t tack ,  com- 
pared w i t h  an af t -swept  wing (ASW), because o f  
t h e  inboard f l o w  o f  a i r  over the  t o p  o f  t h e  wing, 
which i n h i b i t s  w i n g t i p  S t a l l  and thus l o s s  o f  
a i l e r o n  e f f e c t i v e n e s s  as ang le  of a t t a c k  
increases.  The technology o f  us ing  advanced 
composites, coupled w i t h  a e r o e l a s t i c  t a i l o r i n g  o f  
those composites i n  t h e  wing sk ins ,  a l l ows  t h e  FSW 
t o  have enough s t r u c t u r a l  s t i f f n e s s  t o  r e s i s t  i t s  
n a t u r a l  tendency toward s t r u c t u r a l  d i  vergence. 
Another o b j e c t i v e  was t o  demonstrate t h a t  ade- 
quate l e v e l s  o f  dynamic s t a b i l i t y  can be achieved 
by c o n t r o l l i n g  an uns tab le  a i r f r a m e  w i t h  a c l o s e -  
coupled canard, symmetric f l a p ,  and s t r a k e - f l a p  
combination. The h i g h l y  re laxed  l o n g i t u d i n a l  s ta -  
t i c  s t a b i l i t y  has t h e  p o t e n t i a l  advantage o f  
i n c r e a s i n g  t r a n s o n i c  and h igh -ang le -o f -a t tack -  
maneuverab i l i t y ,  w h i l e  reducing t r i m  drag changes 
w i t h  changing f l i g h t  c o n d i t i o n s ,  and enhancing 
o v e r a l l  aerodynamic e f f i c i e n c y .  The close-coupled 
wing-canard c o n f i g u r a t i o n  a l lows f o r  a b e t t e r  
e l l i p t i c a l  l i f t  d i s t r i b u t i o n  than w i t h  t h e  c u r -  
r e n t  wing c o n f i g u r a t i o n  a lone and improves a i r -  
c r a f t  maneuverab i l i t y  by c o n t r i b u t i n g  a p o s i t i v e  
l i f t  component t o  t h e  wing l i f t ,  i n  c o n t r a s t  t o  
an a f t  -mounted h o r i z o n t a l  t a i  1 , which can produce 
a n e g a t i v e  l i f t  component. 
Another techno1 ogy o b j e c t i v e  was t o  eva lua te  
p o t e n t i a l  d rag  r e d u c t i o n  concepts w i t h  t h e  FSW, 
t h e  s u p e r c r i t i c a l - w i n g  a i r f o i l ,  and t h e  ACC wing 
camber c o n t r o l  mode t o  enhance t r a n s o n i c  and o f f -  
des ign performance. The FSW was p r e d i c t e d  t o  save 
up t o  1 3  pe rcen t  i n  a i r c r a f t  drag t r a n s o n i c a l l y  
because o f  a s u b s t a n t i a l  r e d u c t i o n  i n  wing p r o f i l e  
drag i n  comparison t o  an ASW o f  t h e  same aspect 
r a t i o ,  t a p e r  r a t i o ,  wing area, and shock l o c a t i o n  
and sweep. Th is  i s  p r i m a r i l y  because t h e  FSU 
r e q u i r e s  l e s s  l e a d i n g  edge sweep f o r  t h e  same 
shock sweep and l o c a t i o n .  The corresponding 
g r e a t e r  sweep o f  t h e  FSW t r a i l i n g  edge i n  t u r n  
r e s u l t s  i n  a g r e a t e r  shock sweep angle, which 
reduces t h e  shock s t reng th ,  reducing t h e  wave drag 
and the  d r a g  caused by shock-induced f l o w  separa- 
t i o n .  The geometr ica l  d i f f e r e n c e s  between t h e  FSW 
and ASW w i t h  t h e  same shock sweep angle r e s u l t s  
i n  a more inboard l o c a t i o n  o f  t h e  wing cen te r  o f  
pressure on t h e  FSW, y i e l d i n g  a lower  bending 
moment f o r  t he  FSW o f  t h e  same aspect r a t i o  and 
tape r  r a t i o .  
load and s t r u c t u r a l  weight a t  a g i ven  aspect r a t i o  
i n  comparison t o  an equ iva len t  ASW or ,  a l t e r -  
n a t e l y ,  a l l o w s  an increase i n  t h e  aspect r a t i o  f o r  
t h e  same bending load. 
aspect r a t i o  has an a d d i t i o n a l  advantage o f  
i n c r e a s i n g  aerodynamic e f f i c i e n c y  and reducing 
t h e  induced drag of t h e  wing. More d i scuss ions  
o f  t h e  X-29 techno log ies  can be found i n  Ref. 2. 
Th is  lowers t h e  wing box bending 
The a l l o w a b l e  i nc rease  i n  
-- General Discuss ion o f  Resu l t s  
The p r imary  o b j e c t i v e  o f  t h i s  i n i t i a l  f l i g h t  
t e s t  phase was t o  expand t h e  f l i g h t  and maneu- 
v e r i n g  envelopes o f  t h e  a i r c r a f t .  A g r e a t  deal  
was l ea rned  about t h e  w o r k a b i l i t y  o f  t h e  tech -  
nology concepts i n  t h e  process o f  f l y i n g  t h e  
a i r c r a f t  and expanding t h e  f l i g h t  envelope. A 
l a r g e  volume o f  data was gathered over t h e  104 
f l i g h t s  t h a t  averaged some 65 t e s t  maneuvers per 
f l i g h t .  These data were analyzed and evaluated 
n o t  o n l y  t o  c l e a r  t h e  a i r c r a f t  t o  t h e  nex t  s tep 
o f  i t s  f l i g h t  envelope, b u t  t o  g i v e  a p r e l i m i n a r y  
e v a l u a t i o n  o f  t h e  v i a b i l i t y  o f  t h e  i nco rpo ra ted  
techno log ies .  A d d i t i o n a l  f l i g h t  research work 
awa i t s  t h e  f u l l y  c lea red  f l i g h t  envelope, ded i -  
cated d i s c i p l i n a r y  f l i g h t s  w i t h  cus tom- ta i l o red  
t e s t  maneuvers, i n s t r u m e n t a t i o n  system improve- 
ments, o r  a combinat ion o f  these.  
The f l i g h t  envelope expansion phase was suc- 
c e s s f u l l y  completed, w i thou t  s i g n i f i c a n t  i n c i d e n t  
o r  problems. 
i t s e l f  t o  be a r e l i a b l e  f l y i n g  technology t e s t  bed 
and f l e w  i n  a r e l a t i v e l y  convent ional  manner. The 
f o l l o w i n g  sec t i ons  o f  t h i s  paper w i l l  h i g h l i g h t  
and summarize t h e  major  f i n d i n g s  o f  t h i s  i n i t i a l  
f l i g h t  t e s t  e v a l u a t i o n  o f  t h e  X-2%. S p e c i f i c  
d i scuss ions  by t e c h n i c a l  d i s c i p l i n e  summarize t h e  
most notewor thy and i n t e r e s t i n g  f i n d i n g s  f rom t h e  
envelope expansion phase. A complete d e s c r i p t i o n  
o f  t h e  f l i g h t  t e s t  techniques used t o  generate a l l  
t h e  eng ineer ing  d i s c i p l i n e s  da ta  can be found i n  
Ref. 3. 
The a i r c r a f t ,  i n  general , proved 
S t r u c t u r a l  Dynamics 
S t r u c t u r a l  dynamics i n c l u d e s  m o n i t o r i n g  t h e  
s t a b i l i t y  o f  t h e  a i r f r a m e  e l a s t i c  modes (aero- 
e l a s t i c i t y )  and t h e  s t a b i l i t y  o f  t h e  i n t e r a c t i o n  
o f  t h e  e l a s t i c  modes w i t h  t h e  f l i g h t  c o n t r o l  sys-  
tem (aeroservoel  a s t i c i  t y )  . Frequency and damping 
t r e n d s  f o r  12 s t r u c t u r a l  modes o f  t h e  a i r c r a f t  
were es tab l i shed  i n  a l l  t h r e e  FCS modes t o  p r o v i d e  
s t a b i l i t y  t r e n d  da ta  over t h e  e n t i r e  f l i g h t  enve- 
lope.  The f i v e  modes o f  p r imary  concern were mon- 
i t o r e d  i n  r e a l  t i m e  and inc luded  t h e  symmetric and 
ant isymmetr ic  wing f i r s t  bending modes, t h e  fuse-  
l a g e  v e r t i c a l  and l a t e r a l  f i r s t  bending modes, and 
t h e  v e r t i c a l  f i n  f i r s t  bending mode. F l i g h t  
maneuvers used t o  generate t h e  da ta  i nc luded  a 
l - m i n  s t a b i l i z e d  p o i n t  a t  a g i ven  Mach number 
and a l t i t u d e ,  u t i l i z i n g  n a t u r a l  t u r b u l e n c e  t o  
e x c i t e  t h e  a i r f r a m e  s t r u c t u r e ,  f o l l owed  by con- 
t r o l  s u r f a c e  raps. Typ ica l  modal frequency and 
damping r e s u l t s  can be seen i n  F ig.  4. I n  gen- 
e r a l ,  t h e  measured frequency and damping l e v e l s  
agreed we1 1 w i t h  c l  osed-loop aeroservoel  a s t i c  
p r e d i c t i o n s  and were s a t i s f a c t o r y ,  w i t h  no adverse 
t rends .  P i l o t  s t i c k  raps and n a t u r a l  t u rbu lence  
e x c i t a t i o n  o f  t h e  a i r f r a m e  y i e l d e d  s u f f i c i e n t  
q u a l i t y  f l i g h t  data.  
system used a frequency-sweep v i b r a t i o n  i n p u t  i n  
an attempt t o  e x c i t e  a p r e d i c t e d  supersonic  mid-  
f l a p e r o n  t o r s i o n  f l u t t e r  mode. 
tem e x c i t e d  t h e  p r e d i c t e d  f l u t t e r  mode, b u t  t h e  
response bandwidth was t o o  wide f o r  t h e  i d e n t i f i -  
c a t i o n  of s t r u c t u r a l  frequency and damping. 
A f l a p e r o n  e c c e n t r i c  ro tary-mass e x c i t a t i o n  
The shaker sys- 
A dynamic i n t e r a c t i o n ,  known as body-freedom 
f l u t t e r  (BFF), was p r e d i c t e d  t o  occur when t h e  
wing f i r s t  bending mode frequency reduced and 
coupled w i t h  t h e  a i r c r a f t  l o n g i t u d i n a l  s h o r t  
p e r i o d  mode. The BFF mechanism was p r e d i c t e d  
t o  a c t  as a p recu rso r  as a f u n c t i o n  o f  dynamic 
p ressu re  t o  the  s t a t i c  wing d ivergence and was 
t h e r e f o r e  c a r e f u l l y  moni tored d u r i n g  envelope 
expansion. A t  l ow  Mach numbers, t h e  wing f i r s t  
bending mode frequency was j u s t  above p r e d i c t i o n s  
and remained t h e r e  as t h e  envelope expansion con- 
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t i n u e d  t o  maximum Mach number and maximum dynamic 
pressure. This  i nd i ca ted  t h a t  t he  p r e d i c t e d  BFF 
a i rspeed was o u t s i d e  o f  t h e  1-g f l i g h t  envelope. 
S t r u c t u r a l  Loads - -- 
The a i r f r a m e  was subjected t o  an 8-9 p r o o f  
t e s t  l o a d i n g  (des ign  l i m i t )  and was r e s t r i c t e d  i n  
f l i g h t  t o  80 percent  o f  t h a t  l oad  f a c t o r .  Th i s  
r e s u l t e d  i n  f l i g h t  normal a c c e l e r a t i o n  l i m i t s  o f  
6.4 g a t  subsonic Mach numbers and 5.2 g a t  super- 
sonic  Mach numbers. F u l l  f l i g h t  loads expansion 
was no t  completed i n  t h i s  phase, b u t  a maximum 
load  c o n d i t i o n  o f  5.7 g was demonstrated. Most 
measured a i r f r a m e  loads were i n  good general 
agreement w i t h  p r e d i c t i o n s ,  w i t h  t h e  excep t ion  o f  
t h e  canard t o r s i o n  loads. A t i m e  h i s t o r y  o f  t h e  
canard t o r s i o n  l oads  experienced d u r i n g  a windup 
t u r n  a t  Mach 0.95 and an a l t i t u d e  o f  10,000 f t  
i s  shown i n  F ig .  5. Also shown a re  t h e  p r e d i c t e d  
loads based on u n i t  load p r e d i c t i o n s  us ing  t h e  
a c t u a l  f l i g h t  t e s t  cond i t i ons  as i npu ts .  Canard 
t o r s i o n  loads were shown t o  be c o n s i s t e n t l y  h ighe r  
than p r e d i c t e d  a t  t ransonic  Mach numbers, espe- 
c i a l l y  a t  t h e  h i g h  dynamic pressure cond i t i ons .  
Canard t o r s i o n  loads were a l so  found t o  be h i g h l y  
s e n s i t i v e  t o  a i r c r a f t  s i d e s l i p  angle. The d i f -  
ference between the  f l i g h t  t e s t  data and t h e  pre-  
d i c t i o n s  i s  n o t  f u l l y  understood a t  t h i s  t i m e  and 
i s  s t i l l  under i n v e s t i g a t i o n .  
S t r u c t u r a l  Divergence __ -- 
A c h a l l e n g i n g  envelope expansion problem f o r  
t he  X-2% was t h e  mon i to r i ng  o f  t h e  wing s t a t i c  
d ivergence c h a r a c t e r i s t i c s  o f  t h e  FSW. Th ls  phe- 
nomenon was t racked  c lose ly  and analyzed conserv- 
a t i v e l y  because t h i s  was t h e  f i r s t  t i m e  t h a t  t h i s  
t y p e  of c lea rance  had been performed i n  f l i g h t  
t e s t  a t  t h e  cond i t i ons  f lown by t h e  X-29A. Data 
were generated from constant a l t i t u d e  windup t u r n  
and pushover-pul l u p  maneuvers. Both s t r a i n  gage 
loads data and t w i s t  measurements from t h e  FDMS 
were used t o  es t ima te  the d ivergence a i rspeeds 
us ing  t h e  Southwell  technique. Although t h i s  was 
t h e  f i r s t  a p p l i c a t i o n  o f  t h e  Southwell  technique 
t o  f l i g h t  t e s t  data, i t  had been used p r e v i o u s l y  
t o  analyze wind tunnel  data. Fu r the r  d e t a i l s  o f  
t h e  a n a l y s i s  technique can be found i n  Ref. 4. 
The d ivergence airspeed est imated from t h e  South- 
w e l l  a n a l y s i s  was shown t o  be s e n s i t i v e  t o  a num- 
ber o f  f a c t o r s  i n c l u d i n g  measurement unce r ta in -  
t i e s ,  maneuver technique, aerodynamic phenomena, 
and s t r a i n  gage loads measurement s t a t i o n s .  Pre- 
l i m i n a r y  r e s u l t s  i n d i c a t e  a lower  d ivergence speed 
than p red ic ted ,  b u t  the d ivergence a i rspeed was 
s t i l l  o u t s i d e  t h e  f l i g h t  envelope. F l i g h t  r e s u l t s  
t o  da te  c o n f i r m  t h e  f e a s i b i l i t y  o f  des ign ing  an 
FSW-configured a i r c r a f t  t h a t  i n h i b i t s  t h e  n a t u r a l  
tendency toward s t a t i c  wing d ivergence by u s i n g  
s t rong.  l i g h t w e i g h t  layups o f  graphite-epoxy com- 
p o s i t e s  f o r  t he  wing covers. 
Aerodynamic Performance 
The p r imary  aerodynamic performance research 
o b j e c t i v e  was t o  determine the  induced drag p o l a r  
l e v e l s  o r  t h e  drag polar  shape above t h e  minimum 
p a r a s i t e  drag l e v e l ,  where the  FSW was p r e d i c t e d  
t o  lower  induced drag l eve ls .  Po la r  shape da ta  
cou ld  o n l y  be obta ined i n  the  subsonic p o r t i o n  of 
t h e  f l i g h t  envelope dur ing the  f l i g h t  envelope 
expansion phase s ince  a l a c k  o f  a f t e r b u r n e r  f u e l  
f l o w  i n s t r u m e n t a t i o n  prevented t h e  c a l c u l a t i o n  of 
an accurate a f t e r b u r n e r  t h r u s t  i n  supersonic 
f l i g h t .  Other d i f f i c u l t i e s  arose i n  t h e  angle-  
o f - a t t a c k  c a l i b r a t i o n  and l a r g e  maneuver dynamics 
e f f e c t s  from being o f f  t h e  optimum wing ACC camber 
schedule. 
t h e  X-2% subsonic drag p o l a r  can be found i n  
Ref. 5. Dynamic t e s t  techniques used t o  o b t a i n  
t h e  drag data i nc luded  constant  t h r u s t  windup 
t u r n s  and pushover-pul lup maneuvers. 
Typ ica l  subsonic t o  low t r a n s o n i c  dray p o l a r  
r e s u l t s  can be seen i n  F ig .  6. The bas i c  drag 
p o l a r  shapes met o r  exceeded wind-tunnel -based 
p r e d i c t i o n s .  Dynamic e f f e c t s  assoc ia ted  w i t h  
nonoptimum ACC s e t t i n g s  caused some performance 
p e n a l t y  i n  a t t a i n a b l e  l i f t  a t  a g i ven  d r a g  l e v e l .  
The wing ACC schedule was designed t o  o p t i m i z e  
1 i f t - t o - d r a g  r a t i o  o n l y  d u r i n g  s teady -s ta te  
f l i g h t ,  such as t h e  1-g t r imned  c o n d i t i o n ,  and 
n o t  d u r i n g  h i g h l y  dynamic a i r c r a f t  maneuvers. 
A t h r u s t - c a l i b r a t e d  engine w i l l  be used f o r  t h e  
f o l  low-on f l  i g h t  research performance phase t o  
o b t a i n  more p r e c i s e l y  measured a i r f r a m e  d rag  
l e v e l s  and p o l a r  shapes. 
Aerodynamic Pressure D i  s t  r i  b u t  i o n  Survey 
D e t a i l s  o f  t h e  chal lenges i n  model ing 
A p ressu re  survey was made o f  t h e  l e f t  canard, 
wing, and s t r a k e  area and compared w i t h  wind t u n -  
n e l  r e s u l t s  over  a range o f  f l i g h t  c o n d i t i o n s .  
The inst rumented f u l l  - sca le  canard s u r f a c e  had two 
rows o f  pressure i ns t rumen ta t i on ;  however, t h e  
wind tunnel  model had o n l y  t h e  i n s i d e  row o f  s t a -  
t i c  pressure o r i f i c e s  on t h e  canard. 
ob ta ined  f rom 1-g s t a b i l i z e d  f l i g h t ,  windup t u r n s  
and pushover-pul lups. 
areas, t h e  wing pressure f l  i g h t - t o - p r e d i c t i o n  c o r -  
r e l a t i o n  was impacted by t h e  ang le -o f -a t tack  uncer-  
t a i n t i e s  because t h e  p r e d i c t e d  pressure d i s t r i b u -  
t i o n s  were based on measured angle o f  a t t a c k .  
I n  general,  f l i g h t  r e s u l t s  agreed w e l l  w i t h  
p r e d i c t i o n s ;  a t y p i c a l  example i s  shown i n  F ig .  7. 
The pressure d i s t r i b u t i o n s  a r e  t y p i c a l  o f  a super- 
c r i t i c a l  a i r f o i l  and c o r r e l a t e  w e l l  w i t h  t h e  wind 
tunne l  data on b o t h  t h e  t o p  and bottom of t h e  
wing. Wingspan loads,  d e r i v e d  from t h e  pressure 
measurements , a1 so agreed c l  ose l y  w i t h  p r e d i c -  
t i o n s ,  except on t h e  most i nboard  body s t r a k e  
p o s i t i o n .  
d i f f e r e n c e s  between t h e  a i r c r a f t  and wind tunne l  
model a f t -end  c o n f i g u r a t i o n s .  Wing shock l o c a -  
t i o n s  were d e r i v e d  from the  pressure r i s e  and 
g e n e r a l l y  matched p r e d i c t i o n s .  
Data were 
As w i t h  o t h e r  d i s c i p l i n e  
These d i f f e r e n c e s  a r e  a t t r i b u t e d  t o  t h e  
F1 i g h t  Con t ro l  System 
c 
c 
The FCS was moni tored c l o s e l y  i n  f l i g h t  t o  0 
i n s u r e  t h a t  a i r c r a f t  dynamic s t a b i l i t y  l e v e l s  were 
mainta ined throughout  t h e  f l i g h t  envelope. Actual  
a i r c r a f t  phase and ga in  margins (F ig .  8) were com- 
puted i n  near r e a l  t i m e  t o  suppor t  envelope expan- 
s i o n  us ing  frequency response a n a l y s i s  techniques.  
The FCS g e n e r a l l y  performed accord ing t o  p r e d i c -  
t i o n s  and mainta ined phase and ga in  margins above 
t h e  minimums, except a t  l o w - a l t i t u d e  t r a n s o n i c  
c o n d i t i o n s ,  as desc r ibed  below. I n  most cases, 
d i f f e r e n c e s  between ac tua l  and p r e d i c t e d  response 
c h a r a c t e r i s t i c s  cou ld  be a t t r i b u t e d  t o  d i f f e r e n c e s  
between the  f u l l  - sca le  aerodynamics and wind t u n -  
n e l  p r e d i c t i o n s .  Using t h e  o n l i n e  frequency 
response a n a l y s i s  techniques, a l o s s  i n  phase 
and g a i n  marg ins was detected as t h e  envelope 
was be ing  c l e a r e d  below 20,000 f t  a l t i t u d e  a t  
t r a n s o n i c  Mach numbers. Loop gains i n  t h e  p i t c h  
a x i s  c o n t r o l  laws were modi f ied,  a l l o w i n g  the  
envelope expansion t o  be successful l y  completed. 
F i g u r e  9 shows t h e  phase and ga in  margins a t  
15,000 f t  a l t i t u d e  as func t i ons  o f  Mach number 
and t h e  e f f e c t s  o f  t h e  l oop  ga in  change. 
The X-29A program u t i l i z e d  a co l l oca ted ,  
hardware- in- the- loop- type s i m u l a t i o n  t o  e f f e c t  
a safe and e f f i c i e n t  envelope expansion. This  
c a p a b i l i t y  i s  considered necessary f o r  v e h i c l e s  
o f  t h i s  comp lex i t y .  
The X-29A has demonstrated the successful 
f l i g h t  t e s t  o f  an a c t i v e  th ree -su r face  l o n g i t u -  
d i n a l  c o n t r o l  v e h i c l e  w i t h  an FCS t h a t  u t i l i z e s  
i n n e r - l o o p  s t a b i l i z a t i o n  and ou te r - l oop  per form- 
ance o p t i m i z a t i o n .  There have been no unintended 
f l i g h t  c o n t r o l  system mode changes and o n l y  f o u r  
minor  hardware f a i l u r e s ,  o f  which o n l y  one occur-  
red i n  f l i g h t .  The one i n - f l i g h t  f a i l u r e  a f f e c t e d  
one o f  s i x  r o l l  r a t e  gyros and was e v e n t u a l l y  
de tec ted  by t h e  onboard FCS system. 
Hand 1 i ng Qua 1 i t i  es -
The b a s i c  hand1 i n g  q u a l i t i e s  proved adequate 
f o r  t he  open-loop p i l o t e d  tasks requ i red  d u r i n g  
f l i g h t  envelope expansion. Some f l y i n g  q u a l i t i e s  
maneuvers were f lown t o  o b t a i n  i n i t i a l  hand l i ng  
q u a l i t i e s  assessments. F i g u r e  10 shows a summary 
o f  t h e  p i l o t  r a t i n g s  (Cooper-Harper system) f o r  
severa l  f o r m a t i o n  f l y i n g  and t r a c k i n g  tasks. This 
f i g u r e  shows t h a t  t h e  X-2% g e n e r a l l y  has l e v e l  I1 
h a n d l i n g  q u a l i t i e s .  The p r imary  f l y i n g  q u a l i t i e s  
concern was desc r ibed  as a l a c k  o f  c o n t r o l  s t i c k  
harmony because t h e  l o n g i t u d i n a l  s t i c k  d i s p l a c e -  
ments a r e  l a r g e  compared w i t h  t h e  l a t e r a l  s t i c k  
d i spl  acemen t s . 
able,  tendency t o  o v e r r o t a t e  a t  nose wheel l i f t -  
o f f .  The p i l o t  has t o  push t h e  s t i c k  forward t o  
execute t h e  l a n d i n g  because o f  t h e  a t t i t u d e  h o l d  
n a t u r e  o f  t h e  FCS. The X-29A normal a c c e l e r a t i o n  
response t o  tu rbu lence  a t  t h e  p i l o t  s t a t i o n  was 
lower  than t h a t  o f  t h e  T-38 chase a i r c r a f t .  This 
was determined by t h e  p i l o t s '  q u a l i t a t i v e  compari- 
sons o f  t h e  response o f  t h e  X-2% and t h e  chase 
a i r c r a f t  f l  y i  ng side-by -s i  de. The i n d i v i d u a l  
c o n t r i b u t i o n s  o f  t h e  a i r c r a f t  c o n f i g u r a t i o n  and 
f l i g h t  c o n t r o l  system t o  t h i s  c h a r a c t e r i s t i c  
a r e  n o t  known a t  t h i s  t ime. 
The a i r p l a n e  has a s l i g h t ,  bu t  n o t  o b j e c t i o n -  
Aerodynamic S t a b i l i t y  and Contro l  
S ince t h e  wing f l a p s  a r e  used as t h e  pr imary 
t r imming  s u r f a c e  on t h e  X-29A, t h e  p o s i t i o n  o f  t h e  
wing f l a p s  d u r i n g  maneuvering f l i g h t  i s  dependent 
upon t h e  r a t e  o f  t h e  maneuver. A i r c r a f t  s teady-  
s t a t e  t r i m  i s  accomplished by p o s i t i o n i n g  t h e  w i n g  
f l a p s  t o  m a i n t a i n  t h e  canard a t  a p o s i t i o n  d e t e r -  
mined from a re fe rence  canard p o s i t i o n  schedule 
t h a t  i s  a f u n c t i o n  of Mach number, a l t i t u d e ,  and 
angle o f  a t t a c k .  Th is  schedule was p r e d i c t e d  t o  
p r o v i d e  minimum drag over t h e  f l i g h t  envelope for 
s teady -s ta te  cond i t i ons .  The e r r o r  s igna l  between 
t h e  ac tua l  canard p o s i t i o n  and t h i s  re fe rence  
schedule i s  i n t e g r a t e d  i n  the  FCS so f tware  and 
used t o  d r i v e  t h e  wing f l a p s  t o  min imize t h e  
e r r o r .  The r a t e  of movement o f  t h e  f l a p s  i n  t h i s  
t r i m  mode i s  l i m i t e d  by t h e  FCS t o  2 deg/sec t o  
min imize t h e  d e s t a b i l i z i n g  e f f e c t  o f  t h i s  mode on 
t h e  l o n g i t u d i n a l  sho r t -pe r iod  dynamics. Th is  re1  - 
a t i v e l y  s low r a t e  o f  t r a v e l  i n  t h e  t r i m  mode p re -  
vents  t h e  f l a p s  from ach iev ing  t h e  optimum p o s i -  
t i o n  i n  r a p i d  maneuvering and t h e r e f o r e  causes t h e  
c o n f i g u r a t i o n  o f  t h e  a i r p l a n e  t o  be dependent upon 
t h e  h i s t o r y  o f  maneuvering, as shown i n  F ig .  11. 
T h i s  f i g u r e  shows t h e  f l a p  p o s i t i o n  f o r  two windup 
t u r n s  performed a t  s i m i l a r  f l i g h t  c o n d i t i o n s  and 
t h e  p r e d i c t e d  s teady -s ta te  f l a p  p o s i t i o n  as func-  
t i o n s  o f  ang le  o f  a t tack .  The f l a p  p o s i t i o n  
d u r i n g  t h e  slow windup t u r n  approximates t h e  p re -  
d i c t e d  p o s i t i o n ,  w h i l e  t h e  f l a p  p o s i t i o n  f o r  t h e  
r a p i d  windup t u r n  i s  s i g n i f i c a n t l y  more t r a i l i n g -  
edge-up (more negat ive) .  Thus t h e  a i r p l a n e  wing 
f l a p  p o s i t i o n  d u r i n g  a slow windup t u r n  i s  s i g n i -  
f i c a n t l y  d i f f e r e n t  from t h a t  d u r i n g  a r a p i d  one. 
The 1 a t e r a l  - d i r e c t i o n a l  maneuvering charac- 
t e r i s t i c s  a r e  t y p i c a l  o f  f i g h t e r - t y p e  a i r c r a f t ,  
w i t h  t h e  excep t ion  o f  an FCS l i m i t  on maximum r o l l  
r a t e  and t h e  e f f e c t s  o f  a r e l a t i v e l y  l ow  va lue  o f  
d i h e d r a l  e f f e c t .  The maximum r o l l  r a t e  was con- 
s e r v a t i v e l y  l i m i t e d  t o  reduce t h e  p o s s i b i l i t y  o f  
c o u p l i n g  w i t h  t h e  h i g h l y  uns tab le  p i t c h  ax i s .  The 
X-2M has a r e l a t i v e l y  low va lue o f  r o l l i n g  moment 
due t o  s i d e s l i p  (d ihed ra l  e f f e c t ) .  I n  many c i rcum- 
stances, t h e  r o l l i n g  moment due t o  rudder i s  h i g h e r  
than  t h e  r o l l i n g  moment due t o  s i d e s l i p  and r e s u l t s  
i n  a nega t i ve  s lope o f  a i l e r o n  p o s i t i o n  w i t h  s ide -  
s l i p .  However, t h i s  c h a r a c t e r i s t i c  i s  masked t o  
t h e  p i l o t  by  t h e  c o n t r o l  system, w i t h  t h e  excep- 
t i o n  o f  t h e  power approach c o n f i g u r a t i o n  where t h e  
a i r p l a n e  has an apparent nega t i ve  d i h e d r a l  e f f e c t .  
T h i s  e f f e c t  was s l i g h t  and d i d  n o t  m a t e r i a l l y  
i n f l u e n c e  wind l i m i t s  f o r  crosswind landings.  
F1 i gh t -de te rm ined  l a t e r a l  - d i r e c t i o n a l  param- 
e t e r  est imates a r e  g e n e r a l l y  near p r e d i c t i o n s .  
The most s i g n i f i c a n t  d i f f e r e n c e  i s  i n  t h e  yawing 
moment due t o  a i l e r o n  parameter. T h i s  parameter 
i s  approx imate ly  double t h e  p r e d i c t e d  va lue  a t  
h i g h  subsonic speeds and then t r a n s i t i o n s  t o  near 
p r e d i c t i o n s  a t  supersonic speeds. As t h e  f l i g h t  
envelope was being expanded, t h i s  parameter was 
e x t r a p o l a t e d  i n t o  t h e  supersonic f l i g h t  reg ion,  
based on t h e  subsonic est imates.  The yawing 
c h a r a c t e r i s t i c s  d u r i n g  a r o l l  maneuver a t  super- 
son ic  speeds were p r e d i c t e d  t o  couple w i t h  t h e  
l o n g i t u d i n a l  a x i s  and cause a p i t c h  t r a n s i e n t  i n  
excess o f  3 g, which would have exceeded t h e  tem- 
p o r a r y  3-9 supersonic f l i g h t  l o a d  l i m i t .  However, 
t h e  reduced f l i g h t  t e s t  va lue o f  yawing moment due 
t o  a i l e r o n  a t  t h e  supersonic speeds r e s u l t e d  i n  
maximum supersonic p i t c h  t r a n s i e n t s  o f  o n l y  1.5 g 
(F ig .  12). 
were g r e a t l y  a f fec ted  by t h e  h i g h  l e v e l  o f  c o n t r o l  
augmentation and t h e  h i g h l y  uns tab le  a i r c r a f t  
model. An i n t e r a c t i v e  parameter i d e n t i f i c a t i o n  
program6 was used f o r  t h i s  a n a l y s i s  and i s  con- 
s ide red  c r u c i a l  t o  t h e  successfu l  accomplishment 
o f  t h e  l o n g i t u d i n a l  parameter i d e n t i f i c a t i o n .  
T h i s  program al lowed t h e  opera to r  t o  observe t h e  
Attempts t o  est imate l o n g i t u d i n a l  parameters 
5 
progress o f  t he  es t ima t ion  and t o  modi fy  the  p r o -  
cedure when warranted. 
The d i r p l a n e  i s  heav i l y  damped i n  t h e  l o n g i t u -  
d i n a l  ax i s ,  making i t  imposs ib le  t o  o b t a i n  any 
o s c i l l a t o r y  mot ion tha t  i s  no t  d r i v e n  by t h e  con- 
t r o l s .  
parameter i d e n t i f i c a t i o n  was d i f f i c u l t  t o  use w i t h  
t.he h i g h l y  uns tab le  model because Small v a r i a t i o n s  
i n  any o f  the parameters caused t h e  output  e r r o r s  
t o  be very l a r g e  due t o  t h e  i n s t a b i l i t y ,  compared 
t o  smal l  improvements i n  t h e  match o f  t h e  dynamic 
con ten t  o f  t h e  maneuver. These d i f f i c u l t i e s  were 
overcome by us ing  a p i t c h  doublet  maneuver t h a t  
had b o t h  a f a s t  doublet t o  h e l p  d e f i n e  t h e  con- 
t r o l  d e r i v a t i v e s  and a slow doub le t  t h a t  de f i ned  
t h e  ang le -o f -a t tack  de r i va t i ves ,  and by u s i n g  an 
i n t e r a c t i v e  parameter i d e n t i f i c a t i o n  program. The 
p i t c h  damping d e r i v a t i v e  cou ld  not  be determined. 
Hecause t h e  t h r e e  con t ro l  sur faces move i n  unison, 
r e s u l t i n g  i n  h i g h l y  co r re la ted  c o n t r o l  su r face  
p o s i t i o n  measurement data, t h e i r  i n d i v i d u a l  
e f f e c t s  cou ld  not  be determined. A va lue o f  t h e  
canard d e r i v a t i v e  was est imated t h a t  i nc ludes  any 
e r r o r s  i n  t h e  p r e d i c t i o n  o f  a l l  t h r e e  surfaces. 
The f l i g h t  t e s t  r e s u l t s  show t h a t  t h e  v e h i c l e  i s  
g e n e r a l l y  more s t a b l e  ( l e s s  u n s t a b l e )  t han  p r e -  
d i c t e d  and t h a t  t h e  t o t a l  p i t c h  c o n t r o l  e f f e c -  
t i v e n e s s  i s  lower  than p r e d i c t e d  a t  Mach numbers 
below 0.9 and h i g h e r  than p r e d i c t e d  f o r  Mach num- 
hers g rea te r  t han  0.95, as shown i n  F ig .  13. 
These two e f f e c t s  made necessary t h e  m o d i f i c a -  
t i o n  o f  c o n t r o l  system gains a t  h i g h  dynamic 
pressures, as mentioned p rev ious l y .  
B u f f e t  C h a r a c t e r i s t i c s  
The output  e r ro r  m in im iza t i on  method f o r  
___- 
B u f f e t  c h a r a c t e r i s t i c s  were determined by 
a n a l y s i s  o f  t h e  dynamic component o f  w i n g t i p -  
and canard - t i  p-mounted accelerometers. F l i g h t  
t e s t  data show t h a t  w i th  t h e  c u r r e n t  c o n t r o l  
Fystem re fe rence  canard schedule, which tends t o  
m a i n t a i n  t h e  canard a t  low d e f l e c t i o n s  f o r  p e r -  
formance o p t i m i z a t i o n ,  t h e  canard encounters f l o w  
separa t i on  a t  lower  angles o f  a t t a c k  than t h e  wing 
throughout  t h e  subsonic f l i g h t  reg ion.  The upwash 
o f  t h e  wing on t h e  canard combined w i t h  t h e  near-  
zero canard d e f l e c t i o n  a t  these c o n d i t i o n s  i s  p r i -  
mary cause o f  e a r l y  canard f l o w  separat ion.  Meas- 
u red  wing and canard b u f f e t  i n t e n s i t i e s  a re  con- 
s ide red  moderate t o  high, but  t h e  p i l o t s  repo r ted  
o n l y  m i l d  b u f f e t  l eve l s ,  due t o  t h e  h i g h  f requen-  
c i e s  o f  t h e  b u f f e t  response a t  t h e  cockp i t .  Th i s  
r e s u l t s  i n  t h e  p i l o t  sensing it more l i k e  a buzz 
than  a b u f f e t .  The b u f f e t  i n t e n s i t y  r i s e  f o r  t h e  
wing o f  t h e  X-29A occurs a t  s i g n i f i c a n t l y  h ighe r  
normal f o r c e  c o e f f i c i e n t s  (F ig .  14), compared w i t h  
those o f  o t h e r  contemporary f i g h t e r - t y p e  a i r c r a f t ,  
such as t h e  YF-17 and t h e  F-15. It should be 
noted t h a t  normal force c o e f f i c i e n t  i s  based upon 
t h e  re fe rence  wing area which, f o r  t h e  X-29A, i s  
t h e  t r a p e z o i d a l  o u t e r  wing panel extended i n t o  
t h e  a i r c r a f t  c e n t e r  l i n e  and does n o t  i n c l u d e  t h e  
canard su r face  area. L i k e  most o t h e r  a i r c r a f t ,  
t h e  X-29A encounters a moderate wing rock a t  
angles o f  a t t a c k  s l i g h t l y  above t h a t  f o r  b u f f e t  
i n t e n s i t y  r i s e  and e x h i b i t s  heavy wing rock a t  
t h e  h ighes t  angle-of  -a t tack  c o n d i t i o n s  tes ted .  
Conclusions 
The X-29A inco rpo ra ted  severa l  new techno lo -  
g i e s  and has f l own  these i n  combinat ion w i t h  sev- 
e r a l  o t h e r  advanced techno1 ogies. The a i  r p l  ane 
has been h i g h l y  r e l i a b l e  and has encountered on ly  
m ino r  d i sc repanc ies  i n  i t s  p r e d i c t e d  c h a r a c t e r i s -  
t i c s  and opera t i ona l  c a p a b i l i t y .  S t r u c t u r a l  
dynamics c h a r a c t e r i s t i c s  were near p r e d i c t i o n s  
throughout  t h e  f l i g h t  envelope and i n d i c a t e d  t h a t  
t h e  body freedom f l u t t e r  a i r speed  was o u t s i d e  t h e  
f l i g h t  envelope. The s t a t i c  loads c h a r a c t e r i s t i c s  
were g e n e r a l l y  near p r e d i c t i o n s ,  w i t h  t h e  excep- 
t i o n  o f  t h e  t r a n s o n i c  canard loads a t  h i g h  dynamic 
pressures where h i g h e r  than  p r e d i c t e d  t o r s i o n  
w ing  d ivergence a i rspeed u s i n g  t h e  Southwel l  t e c h -  
n ique  was h i g h l y  s e n s i t i v e  t o  e r r o r s  i n  measure- 
ment parameters. The l i m i t e d  aerodynamic perform- 
ance data shows t h a t  t h e  a i r p l a n e  met o r  exceeded 
p r e d i c t i o n s  a t  subsonic and t r a n s o n i c  Mach num- 
bers. The f l i g h t  c o n t r o l  system has worked we1 1, 
p r o v i d i n g  adequate hand l i ng  q u a l i t i e s .  
t u d i n a l  aerodynamic s t a b i l i t y  and c o n t r o l  charac-  
t e r i s t i c s  a r e  unusual and d i f f i c u l t  t o  e s t i m a t e  
f rom f l i g h t  data. The b u f f e t  c h a r a c t e r i s t i c s  show 
t h a t  t h e  a i r p l a n e  has a h i g h e r  wing b u f f e t  i n t e n -  
s i t y  r i s e  boundary than  most contemporary f i g h t e r -  
t y p e  a i  r c r a f t .  
The X-29A i s  an e x c e l l e n t  technology demon- 
s t r a t o r .  The a i r p l a n e  and i t s  r e l a t e d  systems 
have performed we l l .  The a i r p l a n e  i s  now i n  a 
f l i g h t  research phase which w i l l  p r o v i d e  more 
d e t a i l e d  da ta  f o r  understanding t h e  c o n t r i b u t i o n s  
o f  t h e  i n d i v i d u a l  technologies.  
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